Plasmids are selfish genetic elements that normally constitute a burden for the bacterial host cell. This burden is expected to favor plasmid loss. Therefore, plasmids have evolved mechanisms to control their replication and ensure their stable maintenance. Replication control can be either mediated by iterons or by antisense RNAs. Antisense RNAs work through a negative control circuit. They are constitutively synthesized and metabolically unstable. They act both as a measuring device and a regulator, and regulation occurs by inhibition. Increased plasmid copy numbers lead to increasing antisense-RNA concentrations, which, in turn, result in the inhibition of a function essential for replication. On the other hand, decreased plasmid copy numbers entail decreasing concentrations of the inhibiting antisense RNA, thereby increasing the replication frequency. Inhibition is achieved by a variety of mechanisms, which are discussed in detail. The most trivial case is the inhibition of translation of an essential replication initiator protein (Rep) by blockage of the rep-ribosome binding site. Alternatively, ribosome binding to a leader peptide mRNA whose translation is required for efficient Rep translation can be prevented by antisense-RNA binding. In 2004, translational attenuation was discovered. Antisense-RNA-mediated transcriptional attenuation is another mechanism that has, so far, only been detected in plasmids of Gram-positive bacteria. ColE1, a plasmid that does not need a plasmid-encoded replication initiator protein, uses the inhibition of primer formation. In other cases, antisense RNAs inhibit the formation of an activator pseudoknot that is required for efficient Rep translation.
INTRODUCTION
Small regulatory RNAs (sRNAs) from bacterial chromosomes came into focus in 2001, when two groups independently discovered many small RNAs from intergenic regions of the Escherichia coli genome by a combination of computational and experimental approaches (1, 2) . By now, >140 sRNAs have been found in E. coli and hundreds in other prokaryotic species, and it is estimated that an average bacterial genome encodes ≈200 to 300 riboregulators (3, 4) . They can be classified into cis-and trans-encoded base-pairing sRNAs, sRNAs acting via protein binding, and sensory RNA modules like RNA thermometers and riboswitches. sRNAs from accessory DNA elements, such as plasmids, phages, and transposons, have been known since 1981. Their role in the regulation of plasmid replication, maintenance, and conjugation, in fine tuning of the decision between phage lysis and lysogeny, or in transposition, has been investigated in great depth for more than 30 years. Plasmid-encoded sRNAs are bona fide antisense RNAs, i.e., they are cis encoded and act by a base-pairing mechanism. Usually, they are 50 to 150 nucleotides (nt) long, diffusible, highly structured (one to four stem-loops) molecules that act via sequence complementarity on target RNAs called sense RNAs. The sense RNAs are mostly mRNAs encoding proteins of important/essential function. In this article, antisense-RNA-mediated regulation of plasmid replication will be reviewed in detail.
Plasmids are selfish genetic elements that normally constitute a burden for the bacterial host cell. Therefore, the host cell tries to eliminate the "intruder." To prevent this elimination, plasmids have evolved copy number control systems and maintenance functions. Special systems control unavoidable copy number fluctuations and prevent great decreases or increases of copy numbers: Low copy numbers can lead to plasmid loss (5, 6) , whereas high copy numbers may lead to "runaway replication" (7) that kills the host cell. Principally, two control modes can be distinguished: iteron-mediated control and antisense-RNA-mediated control (188) .
Antisense-RNA control in plasmid replication works through a negative control circuit. Antisense RNAs are constitutively synthesized and metabolically unstable (one exception is pIP501; see below). Therefore, any change in plasmid concentration will be reflected in the corresponding concentration changes of the regulating antisense RNA. These concentration changes are "sensed," leading to altered replication frequencies. Increased plasmid copy numbers result in correspondingly increasing antisense-RNA concentrations, which, in turn, cause increased inhibition of a function essential for replication (replication initiator protein or replication primer). On the other hand, decreased plasmid copy numbers entail decreasing concentrations of the inhibiting antisense RNA, thereby, increasing the replication frequency. Thus, the antisense RNA is both the measuring device and the regulator, and regulation occurs in all cases by inhibition. This inhibition is achieved by a variety of mechanisms that will be discussed below in detail in the following order. Antisense-RNA-mediated transcriptional attenuation is a mechanism that affects the fate of the nascent target RNA during transcription. So far, it has been detected only in plasmids from Gram-positive bacteria (pT181 family and inc18 family). By contrast, ColE1, a plasmid that does not need a plasmid-encoded replication initiator protein, uses the inhibition of primer formation. Another mechanism, antisense-RNA-mediated inhibition of pseudoknot formation that is required for efficient Rep translation, was found in the IncIα/IncB family of plasmids. Three different strategies can be applied to inhibit the translation of an essential replication initiator protein (Rep): The most trivial case is direct blockage of the rep-ribosome binding site (RBS) (pMV158 family). Alternatively, ribosome binding to the RBS of a leader peptide reading frame whose translation is required for efficient Rep translation can be prevented (plasmid R1). Furthermore, in translation attenuation, a rep mRNA conformation is induced that sequesters the RBS (plasmid pSK41). In some recently discovered cases (e.g., repABC plasmids) it is not yet clear if rep expression is controlled by transcriptional or translational attenuation. In ColE2, translational inhibition is most likely, and the Rep protein is, surprisingly, a primase that generates an unusual primer.
In some plasmids, the antisense RNA(s) act alone (pT181 family, IncB/IncIα family, ColE2). Here, the rate of synthesis per plasmid copy of the essential rep RNA needed for replication is constant (constitutive rep promoter) but rather low compared with that of the antisense RNA. In other plasmids, antisense RNAs are accompanied by regulatory proteins, which are either transcriptional repressors, Cop proteins (R1 and relatives, inc18 and pMV158 families), or RNA-binding proteins (ColE1). These proteins can either play an auxiliary role, as in R1 or ColE1, or can be necessary for proper regulation (inc18 family, pMV158 family). In the latter case, expression of the rep gene is directed by a strong and Cop-regulated promoter, so that, in the absence of Cop, the rep transcription rate is high. Interestingly, this is mainly found in mobilizable plasmids with a broad host range. A high potential to transcribe the essential rep gene is an advantage for these plasmids during the establishment stage, because they would replicate at high rates, thereby reducing the frequency of appearance of plasmid-free cells from newly colonized bacteria. Plasmids with auxiliary proteins involved in their replicational control may also share the same advantage during establishment (8) .
For antisense-RNA-controlled plasmids that replicate by the theta mechanism, the results on origin characterization and replication mechanism are briefly summarized. For those that replicate by the rolling-circle mechanism see reference 189.
All these plasmids encode essential replication initiator proteins (Rep proteins) that bind to their respective replication origins (12, 19) . The amount of the Rep proteins is rate limiting for replication (20, 21, 22) . Consequently, the rep mRNA is the target for copy number control. During transcription, it can adopt two mutually exclusive structures depending on the presence or absence of the antisense RNA. (The corresponding antisense RNAs [≈85 nt RNAI and ≈150 nt RNAII for pT181 {23}; ≈140 nt RNAIII for pIP501 {24}; and pAMβ1 {16}] and their promoters have been detected and characterized previously). If the nascent rep mRNA encounters an antisense-RNA molecule, binding leads to formation of a rho-independent transcriptional terminator (attenuator) by base pairing between complementary sequences a and b upstream of the rep-RBS and, consequently, premature termination of rep mRNA transcription ( Fig. 1A) . Thus, only a short rep mRNA (in the case of pIP501, 260 nt) is synthesized that does not contain the information for the Rep protein. However, if the nascent rep mRNA escapes the antisense RNA during transcription, it may refold by alternative base pairing between sequences A and a (see Fig. 1A ). In this case, a is no longer available for base pairing with b, and the transcriptional terminator cannot be formed. Transcription proceeds to a full-length rep mRNA (pIP501, 1.9 kb) that can be used for synthesis of the Rep protein. Thus, the antisense RNA affects gene expression by aborting a transcript for an essential protein.
Binding of the antisense RNA must occur within a short time frame in order to be effective. This time window, during which the rep mRNA is long enough to contain the target sequence for the antisense RNA, but short enough to not yet have reached the attenuator, has been experimentally estimated to be 10 to 20 s (25, 26) . With the use of this estimate, the inhibition rate constant of the pIP501 antisense RNA (RNAIII) was calculated to be 1 × 10 6 to 2 × 10 6 M −1 s −1 which is ten times higher than the pairing rate constant of the sense/antisense RNA pair (1 × 10 5 to 2 × 10 5 M −1 s −1 ), indicating that full duplex formation is not required for inhibition. Apparently, steps preceding formation of a complete duplex between sense and antisense RNA are sufficient for an efficient action of the antisense RNA (25, 27) . In contrast to pIP501, inhibition and the pairing rate constants were in the same range in pT181 (26) . pT181 has two antisense RNAs (RNAI, 85 nt, and RNAII, 144 nt long [9] ). RNAII seems to be a read-through product of RNAI that contains two stem-loops of the identical sequence at its 5′ end, which are sufficient for its inhibitory function (26) . One of two additional 3′ stem-loops is the transcription terminator. Pairing and inhibition rate constants of RNAII and RNAI were identical suggesting that both molecules fulfill the same function (26) . For pIP501, intracellular concentrations and half-lives of sense and antisense RNAs were determined by quantitative Northern blotting (28) , which led to two surprising results: (i) the antisense RNA (RNAIII) is unusually stable (half-life of ≈30 min), and (ii) the concentration of RNAIII is identical for copR + and copR − plasmids. These plasmids that contain or lack the second copy number control component CopR (29) , respectively, replicate with 5 to 10 or 50 to 100 copies/ cell. That is, in the absence of CopR, the ratio RNAIII/ plasmid is unexpectedly low. The unusually long halflife of RNAIII is expected to cause problems upon downward fluctuations of copy numbers: the high concentration of the inhibitor would lead to further decreases of the replication frequency and eventually plasmid loss. However, plasmid pIP501 is stably maintained, indicating that a second control mechanism is operating.
This mechanism is provided by the dual function of transcriptional repressor CopR (30, 31) . Almost identical transcriptional repressors with analogous functions have been found in the related inc18 family plasmids pAMβ1 (CopF [32, 33] ) and pSM19035 (CopS [34] ). CopR is a small protein (10.6 kDa) that binds exclusively as a dimer at two consecutive sites in the major groove immediately upstream of the −35 box of the (sense) repR promoter pII, thereby inducing a slight bend in the operator DNA (20 to 25°) (35, 36, 37) . Binding of CopR leads to 10-to 20-fold decreased repR transcription and, consequently, of the pIP501 copy number (29, 30) . CopR does not autoregulate its own promoter (in contrast to CopG of pLS1; see below) and does not completely repress the rep promoter (30) . A SELEX experiment showed that evolution of the copR operator was directed at maximal binding affinity (38) . Recently, we demonstrated that CopR acts by inhibiting RNA polymerase binding (39) .
The equilibrium dissociation constants for the CopR-DNA complex and the CopR dimers have been determined to be 0.4 nM and 1.45 μM, respectively. The intracellular CopR concentration in logarithmically grown Bacillus subtilis cells is 20 to 30 μM (36), suggesting that the protein also in vivo binds exclusively as a dimer. A three-dimensional model of the N-terminal 63 amino acids (aa) of CopR was constructed, and amino acids involved in DNA binding and dimerization were localized: R29 and R34 within the HTH motif are involved in specific recognition of the operator DNA (40) .
Eight amino acids are involved in forming the dimeric interface, and two of them required for correct folding of the monomer (41, 42) . The structured acidic C terminus of CopR is important for protein stability and contains a stretch of alternating hydrophilic and hydrophobic amino acids that form a β-strand (43, 44) . Its deletion does not impair the in vivo function of CopR, but decreases CopR half-life from 42 min to 4 to 5 min (43) .
The second function of CopR is to prevent convergent transcription between sense and antisense RNA (31) . In the absence of CopR, transcription from the strong sense promoter pII through the supercoiling sensitive antisense promoter pIII decreases transcription initiation at pIII. In the presence of CopR, repression of RNAII transcription leads to a decrease in convergent transcription, thereby indirectly increasing transcription initiation at pIII. Consequently, a ≈3to 4-fold higher concentration of RNAIII is found in the presence of CopR (see above), and the ratio RNAIII/plasmid is higher than in its absence (high-copy-number copR − plasmid). The scenario for copy number control is as follows: If copy numbers increase, RNAIII is able to cope with the situation. Its constitutive synthesis, directly correlated with the plasmid concentration, leads to higher concentrations of the inhibitor. Thus, more repR mRNA is terminated prematurely, and the replication frequency decreases accordingly. When copy number decreases, however, the high stability of RNAIII presents a severe problem: "too much inhibition" would cause plasmid loss. Now, the CopR protein comes into the play as the second regulator: lower plasmid copy numbers entail a decrease in the intracellular CopR concentration, resulting in less repression of repR transcription, and, thus, an increase in the replication frequency. At the same time, convergent transcription from the repR promoter pII and antisense promoter pIII leads to reduced initiation at the antisense-promoter, causing decreased transcriptional attenuation. Hence, more full-length repR mRNA can be transcribed and the replication frequency increases. The now higher amounts of repR mRNA titrate the remaining longlived RNAIII, further lowering the concentration of this inhibitor (31) . In summary, pIP501, and also its relatives pAMβ1 and pSM19035 that show the same modular concept of cop-antisense-RNA-rep (29, 30) , have evolved a very efficient mechanism to correct copy number fluctuations. The concerted action of two On the mRNA, the repY SD sequence is exposed, whereas structure III sequesters both the repZ SD sequence (black rectangle) and the 5′-rCGCC-3′ sequence (thick black line) and, thereby, repZ translation. Inc is the region complementary to the antisense RNA; black circle, repY start codon; grey circle, repY stop codon. Unfolding of structure II by the ribosome stalling at the repY stop codon results in formation of a pseudoknot by base paring between the 5′-rGGCCG-3′ and 5′-CGCC-3′ (thick black lines) sequences distantly separated, and allows the ribosome to access the repZ RBS. Binding of Inc RNA to the loop of structure I of repZ RNA directly inhibits formation of the pseudoknot and the subsequent IncRNA-repZ-mRNA duplex formation inhibits repY translation. The antisense RNA interacts via three loops with the nascent repA mRNA resulting in a stem-loop structure that sequesters the ribosome binding site. In the absence of RNAI, the repA mRNA refolds into an alternative structure that exposes the ribosome binding site, allowing repA translation. doi:10.1128/microbiolspec.PLAS-0001-2013.f1. control components, an unusually long-lived antisense RNA and a Cop protein with a dual function, prevents plasmid loss at cell division.
For pT181 and related plasmids, no plasmid-encoded transcriptional repressor is needed to ensure an efficient regulation of plasmid replication, as the antisense RNAs are fairly unstable (half-life ≈3 to 5 min; R. P. Novick, personal communication). The number of molecules of the essential, unstable replication initiator protein RepC was determined to be 300/cell under wild-type conditions (9) .
In the case of pIP501, in vivo and in vitro analysis of RNAIII mutants (28) showed that the 5′-terminal stemloops L1 and L2 are not required for inhibition. By contrast, stem-loop L3 is the so-called recognition loop, where primary interactions (kissing) between RNAIII and RNAII occur. Nucleotide exchanges in this loop created new incompatibility groups. Another class of copy number mutations in the single-stranded region between L2 and L3 exhibited a shortened RNA III half-life. A subsequent analysis revealed that a simultaneous interaction between two complementary loop pairs, L3 and L4 of RNAIII and the corresponding loop pair of RNAII, is required for inhibition (45) . Sequence and length of the spacer connecting L3 and L4 are not important. Complex formation progresses into the lower stems of both loop pairs, but the complex is not a full duplex (45) . Interestingly, the 5′ loop of the repR-mRNA (RNAII) contains a 5′ YUNR motif. In all antisense-RNA regulated plasmid systems either antisense or sense RNA carries such a loop sequence (46, 47) , which yields a sharp bend that facilitates the interaction between sense and antisense RNA loops. Experiments demonstrated that the U-turn in RNAII is indeed formed and necessary for efficient interaction with RNAIII (48) .
In contrast to plasmids from Gram-negative bacteria, deletion of either control component in pIP501, RNAIII or CopR, fails to give "runaway" replication but causes a significant increase in copy number (19, 29) . The same holds true for pT181 (23) . We hypothesize that in Grampositive bacteria, a limiting host factor (e.g., a chromosomally encoded enzyme needed for plasmid replication) is responsible for this behavior (28) .
Interestingly, antisense-RNA mediated transcriptional attenuation has not been found as a replication control mechanism for plasmids of Gram-negative bacteria. We showed that this mechanism principally functions in E. coli, ruling out significant differences in the transcriptional machineries, albeit at a much lower efficiency than in B. subtilis or Staphylococcus aureus (49) . This might be due to some nucleolytic or processing activity present in E. coli but lacking in Gram-positive hosts, which could affect the concentrations of the interacting RNAs and the distribution of their inactive and active processing products. We suggest that transcriptional attenuation, which leads to a much broader copy number distribution than a control mechanism based on inhibition of translation (as, e.g., in R1 [see below]), can only be tolerated by plasmids that do not tend to "runaway replication."
In plasmid pSM19035, the ω-protein presents a link between copy number control and better-than-random segregation (50) . It acts as transcriptional repressor at its own, the copS and the δ-promoter. Omega dimers repress copS transcription ≈8-fold by binding to 7-bp arrays with the sequence 5′-NATCACN in the major DNA groove by using an antiparallel β-sheet structure (51, 52) . The crystal structure of the ribbon-helix-helix protein ω protein was solved (53) . Although the ω open reading frame (ORF) is present in pIP501, it is not preceded by a promoter, and, therefore, not transcribed (S. Brantl, unpublished data). Apparently, pIP501 does not seem to need ω for proper copy number control.
Previously, it has been shown that pAMβ1 replication proceeds unidirectionally via the theta mechanism (12). Replication is initiated by DNA polymerase I (54) and depends on a transcription step through the origin that is proposed to generate the primer for DNA replication. Since termination of repE transcription within the origin is not very efficient, cleavage by either RepE itself, or by an RNA polymerase-associated RNase would be feasible (55) . Interestingly, RepE has an RNase activity that can cleave free RNA molecules of repE mRNA polarity in close proximity to the initiation site of DNA synthesis (C. Canceill and E. Le Chatelier, personal communication). This argues for a direct involvement of RepE in primer synthesis from repE mRNA.
Two independent mechanisms involving (i) a protein/ DNA complex that acts as a roadblock and (ii) a plasmidencoded type I topoisomerase that produces topological constraints that impede fork progression, mediate the arrest of Pol I (56, 57) . A primosome assembly site, located in the arrested D loop on the lagging-strand template, or the forked structure of the D loop, are sites for assembly of a PriA-dependent (restart) primosome formed of proteins PriA, DnaB, DnaD, and DnaI (55, 58, 59) . This assembly is thought to recruit a replication fork in several steps including (i) loading of the DnaC helicase and DnaG primase on the lagging-strand template, (ii) initiation of lagging-strand synthesis, and (iii) the Pol I to PolC switching at the tip of the arrested leading strand (56, 57) . The replication fork requires at least DNA polymerases PolC and DnaE, the processivity (clamp) factor DnaN, and the clamp-loading complex containing DnaX (13, 60) . Surprisingly, DnaE polymerizes the plasmid lagging strand, and PolC the leading strand (60) . A primosome assembly site (ssi) has been located on the lagging-strand template, ≈150 nt downstream of the origin. Lagging-strand synthesis is inefficient when any of the proteins involved in ssiA activity is mutated suggesting that normal plasmid replication requires primosome assembly. However, plasmid replication can occur efficiently in the absence of ssiA indicating that the primosome can also assemble elsewhere on the plasmid (61) . The analysis of pAMβ1 RepE (62) revealed that it is a double-strand (ds) and single-strand (ss) DNA-binding protein. It is monomeric in solution and binds specifically, rapidly, and tightly to the origin at a unique binding site immediately upstream of the initiation site, thereby inducing a weak bend of 31°. RepE binding to the ds origin leads to denaturation of the ATrich sequence immediately downstream of the binding site to form an atypical open complex. A model for successive steps of pAMβ1 replication initiation has been proposed (62) .
Since RepR of pIP501 and RepS of pSM19035 are 97% identical to RepE, most likely, the same general mode of origin recognition and replication initiation/ termination is used by these plasmids. Because of the combination of Rep dependence, DNA PolI dependence, and the lack of requirement of certain features in the origin like DnaA boxes, iterons, or AT-rich sequences, pAMβ1 and its relatives have been classified as a fourth class of theta-replicating plasmids (54) .
INHIBITION OF PRIMER FORMATION: THE ColE1 REPLICON
ColE1 is a representative of many closely related highcopy number plasmids that replicate in E. coli. In contrast to all other plasmids, it does not require a plasmid-encoded replication initiator protein. The only essential plasmid-encoded component is an RNA primer, RNAII, which is the target for copy number control. First, a 550-nt-long preprimer is synthesized by host-RNA polymerase. During synthesis, this pre-primer undergoes specific conformational changes, which are required for its activity (63, 64, 65, 66) . The active conformation of this RNA forms a persistent hybrid, which involves two regions of contact between RNAII and the DNA in the origin region (67) . The RNA of the RNA-DNA hybrid is cleaved by host RNase H and converted to a mature primer for replication (64, 67, 68, 69) that delivers the free 3′-OH end required by DNA polymerase I, which extends it starting leading strand synthesis. Later, DNA polymerase I is replaced by DNA polymerase III holoenzyme (70) . During the initial elongation of the leading strand by PolI, creating a D-loop structure of increasing size, a specific DNA sequence at the original lagging strand becomes single stranded. This so-called primosome assembly site (pas) is the functional equivalent of the single-strand origins of rolling-circle type plasmids. Once single-stranded, pas recruits the primosome complex to initiate laggingstrand synthesis. The DnaA protein, and the DnaA recognition site at the ColE1 origin of replication seem to be important for ColE1 replication. The effect of DnaA is enhanced when the pas site is defective suggesting that DnaA plays a role similar to that of the proteins i, n, n′, and n″ in directing primosome assembly (71) .
Replication control is mediated by a 108-nt-long antisense-RNA, RNAI, which is transcribed constitutively from the complementary strand in the preprimer region ( Fig. 1B) (72, 73) . RNAI consists of three stemloops and an unstructured 5′ tail (74) . Binding of RNAI to RNAII prevents the refolding of the nascent preprimer; the structure formed upon RNAI binding is incompatible with the formation of a persistent RNA-DNA hybrid within the origin region, and, consequently, primer maturation is prevented. As in pIP501, a time window exists, during which inhibition can occur. RNAI can bind to pre-primers of all lengths; however, only when it interacts with a target of 100 to 150 nt in length primer in formation is blocked (75) . Binding at later stages does not result in inhibition. Mutations that affect copy numbers and result in new incompatibility groups, have been mapped to the loops of RNAI as the most important determinants for binding rate and specificity (76, 77) .
Tomizawa has analyzed the stepwise conversion of initial RNAI/RNAII binding intermediates to progressively more stable structures (78, 79, 80, 81, 82) . Binding follows a two-step pathway. It initiates between one or two loop pairs (out of three). A reversible unstable kissing complex, C χ , whose structure is not known but which is likely to involve a single pair of stem-loops, initiates binding. By kinetic inhibition and RNase protection studies, the rate constant of formation of the more stable complex C* was determined at 6 × 10 6 M −1 s −1 . Subsequently, a kissing complex possibly involving all three RNAI loops is formed with ≈3 × 10 6 M −1 s −1 . Finally, stable complex formation (complex C s ) occurs at a rate constant of 10 6 M −1 s −1 (78, 79, 81, 82) . Thus, the high rates characteristic of early steps are almost maintained throughout the binding pathway. RNAI lacking its 5′ tail is arrested at this stage, but inhibits primer formation in vitro and in vivo, which implies that a full RNA duplex is not required for control (e.g., 82, 83, 84) . The duplex is formed very slowly, concomitant with stepwise loss of loop-loop contacts and unfolding of the stem-regions (85) . It was concluded that all seven loop-bases are base paired to each other, creating a coaxial stack of the two stems bent at the looploop helix (78) . Nuclear magnetic resonance studies, although with a loop-sequence inversion, suggested the same properties (85, 86) . In summary, the ColE1 family represents a case where the antisense RNA does not affect the expression of a protein-coding gene, but the activity of a target RNA by induction of a nonfunctional conformation.
For degradation of RNAI, RNase E, PcnB, and PNPase play the decisive roles (87, 88) . The initial event is cleavage by RNase E. PcnB adds a poly(A) tail to the 3′ end of RNAI, which greatly facilitates the ability of the exoribonucleases RNase II or PNPase to degrade RNAI. Deletion of PcnB had been observed earlier to yield ≈10-fold copy number down effects (reviewed in reference 88).
A second plasmid-encoded control component is the small Rop (repressor of primer) or Rom (RNA one modulator) protein (63 aa) encoded downstream of the origin. Homodimeric Rom promotes the interaction between RNAI and RNAII, i.e., the conversion of the unstable RNAI-RNAII complex to a stable complex, thereby increasing inhibition of replication (84, 89, 90) . However, Rom deletion has only a minor effect on copy number control (ca. 2-to 3-fold increase in copy number in slowly growing cells, but no effect on copy number in fast-growing cells [91] ). Extra rom copies do not cause incompatibillity showing that it is not a primary inhibitor of ColE1 replication, but only an auxiliary factor that exerts its maximum effect at wild-type concentration (8) . The crystal structure of Rom, determined at 1.7-Å resolution, reveals a bundle of four tightly packed α-helices held together by hydrophobic interactions (92) . Rom mutants with decreased activity were all clustered at the extremities of the α-helix bundle, with the exception of F14 (93) . Amino acids involved in RNA recognition form a narrow stripe down one face of the bundle and are symmetrically arranged, with recognition centered around the two F14 residues that interact with the loop region of the hairpin pair, with additional interactions between eight polar residues and the RNA backbone (94) . Rom recognizes the RNA in a structure-rather than sequence-dependent fashion.
An analysis of the high-copy number ColE1 derivatives pUC18/pUC19 used as cloning vectors in many laboratories has shown that they contain a single point mutation in RNAII, which can be phenotypically suppressed by Rom. This mutation seems to alter the secondary structure of RNAII and produces a temperature-dependent alteration of RNAII conformation. Rom may either promote normal folding of mutated RNAII or enable the interaction of suboptimally folded RNAII with RNAI (95) .
The intracellular concentrations of RNAI, RNAII, and Rom, have been determined with 1 μM, 7 nM, and 1 μM, respectively, and the authors suggest that plasmid copy number is little affected by the rate of RNAII synthesis but is strongly dependent on that of RNA I (96) . Two mathematical models of ColE1 copy number control have been published. In the first model, the plasmid copy number is greatly influenced by changes in the rate constant for formation of the initial unstable RNAI-RNAII complex, but is only slightly influenced by changes in the dissociation rate of this complex. The presence or absence of Rom does not seem to quantitatively alter the copy number control mechanism (97).
The second, not experimentally tested, model (98) made three theoretical proposals to account for an important role of Rom: First, Rom concentration would be proportional to the copy number, so that the response in replication frequency to variations in the copy number would be sharper than in the presence of RNAI alone. This hypothesis requires that Rom is rapidly degraded, which has not been investigated. Second, Rom would cause the probability of plasmid replication to approach zero at high RNAI concentrations, because, in the absence of Rom, the intrinsic rate of RNAI/RNAII duplex formation would be too slow to ensure total inhibition of replication. Third, Rom could act as back-up system when the copy number is greatly reduced: under normal conditions, the replication frequency would not depend on small deviations in Rom concentration but, if this concentration decreases greatly, inhibition of primer formation would decrease, thus leading to an increased replication frequency. The presence of rom --ColE1 derivatives reduced bacterial growth in carbon sourcepoor medium, whereas rom + derivatives did not show such effects on cell growth (91) . From these observations and from the fact that amplification of ColE1 derivatives in slowly growing cells is higher with rom mutant plasmids, a key role for Rom has been suggested: to prevent ColE1-type plasmids from representing a metabolic burden to their hosts in natural habitats where cells grow much slower than under laboratory conditions.
INHIBITION OF PSEUDOKNOT FORMATION: THE IncIα/IncB CASE
The IncB, IncIα, IncZ, IncK, and IncL/M plasmids of Gram-negative bacteria form a family of low-copy number plasmids, which is similar to the IncFII family but uses another mechanism of antisense-RNA-mediated inhibition (99, 100) . The two best-characterized examples are ColIb-P9 (IncIα) and pMU720 (IncB). Here, an antisense RNA (only regulator; no transcriptional repressor needed) inhibits formation of a long-distance RNA pseudoknot that is required for efficient translation of the essential, rate-limiting replication initiator protein Rep (101, 102, 103) . Additionally, a leader peptide ORF, repY in ColIb-P9, must be translated to permit synthesis of RepZ (104, 105) . Figure 1C illustrates the regulatory circuit. Two stem-loop structures in the repZ mRNA that have been mapped in vitro (106) and are located upstream (structure I) of the repY RBS and in the middle (structure III) of the repY gene are necessary for replication control. Structure III occludes both the repZ RBS and a short sequence complementary to a region in the loop of structure I. Appropriate termination of repY translation unfolds structure III, which in turn allows the formation of a short helix between the target loop and the disrupted stem, located ≈100 nt apart, thus inducing the formation of the activator pseudoknot by intramolecular pairing of loop I with its complementary sequence. Pseudoknot formation facilitates ribosome binding to the repZ RBS. The pseudoknot could be mapped in vitro using mutations that disrupt structure III (106) .
The indispensable copy number regulator is a ≈70-nt antisense-RNA (RNAI or Inc-RNA) encoded upstream of the repY-ORF (as CopA in R1) (107, 108) . RNAI has a dual function. On the one hand, it blocks directly repY translation by sequestering the repY RBS, and, on the other hand, it prevents activation of repZ translation, since the site of RNAI/repZ mRNA interaction involves the nucleotides in structure I required for pseudoknot formation (109, 110) . In this way, RNAI can repress repZ translation at the level of a transient interaction with its target before a complete duplex is formed, similar to the R1 and the pIP501 cases (see reference 27). In the case of the IncIα plasmids, a hexanucleotide, which includes the structure I sequence involved in the initial interaction presumably supports a U turn (see above). The early stages in pseudoknot formation and in the binding of the RNAI are similar. However, RNA I represses repY translation much less efficiently than repZ translation. Repression of repZ and repY expression are accomplished at different stages during the pairing between RNAI and rep mRNA (111).
This differential repression allows RNAI to keep the total level of repZ expression constant thereby ensuring a constant copy number value.
Although a similar structure and regulatory mechanism as in IncIα plasmid ColIb-P9 exists in the IncB plasmid pMU720 (112, 113) , some differences were found in the IncL/M group, represented by plasmid pMU604 (114) . In contrast to ColIb-P9, the positioning of proximal pseudoknot bases involved in the expression of the essential repA gene is different, which may result in differences in their presentation thus affecting the process of pseudoknot formation. The requirement for pseudoknot formation in pMU604 could be obviated by mutations that improved the sequence of the repA RBS. The authors demonstrated that, although the pseudoknot was essential for expression of the repA gene, its presence interfered with translation of repB encoding the leader peptide. The spacing between the distal pseudoknot sequence and the repA RBS was shown to be suboptimal for maximal expression of repA. Since more optimal spacing increased the IncL/M plasmid copy number and pMU604 is a derivative of the large conjugative plasmid pMU407.1, suboptimal spacing may have evolved to ensure a lower copy number to reduce the metabolic burden on the host (114) .
Antisense/sense RNA binding of the IncIα and IncB group plasmids occurs in a two-step pathway, very similar to that of CopA/CopT of plasmid R1 described below (e.g., references 111 and 115). The antisense RNAs carry only one major stem-loop with a hexanucleotide loop, a destabilized upper stem, and a 5′ tail. The loop sequence is identical in all IncB-related plasmids, and is also identical to R1. However, no incompatibility was observed between these plasmids because of sequence differences in the upper stem regions. The initial interaction between Inc RNA and its target occurs via loop-loop contacts. Subsequently, helix progression unfolds the upper stems, resulting in a four-helix junction structure. The proposed secondary structure resembles that of the CopA/CopT complex of plasmid R1, but differs in the position of the junction (111) . Recent data suggest that antisense/sense RNA complexes of ColIb-P9, R1, and many other distantly related plasmids may share the same overall topology including the position of the junction (116) . Apparently, efficient inhibitory antisense RNAs initiate interactions by loop-loop contacts, but the subsequent steps of helix progression to stable inhibitory complexes depend on topological constraints to keep topological stress at a minimum. In summary, the IncIα/IncB-plasmid family uses antisense RNAs for translational inhibition, but with an unusual twist: inhibition works through prevention of an activator pseudoknot structure (Fig. 1C) .
For IncB plasmid pMU720, sequence requirements for the origin and a novel essential CIS element have been studied. The replication origin was shown to contain a 5′-A/TANCNGCAAA/T-3′ motif which is also present on pMU407.1, but not on IncZ plasmids. This motif is repeated four and two times in the origins of IncB and IncL/M plasmids, respectively, and might represent the binding site of RepA. A DnaA box was shown to be inessential. However, its deletion reduced the copy number of the IncB replicon 3-fold. CIS, a 166bp sequence separating the repA gene from the origin, contains two domains, a repA proximal domain with strong transcription termination activity, and a repA distal domain acting as a spacer to position sequences within ori on the correct face of the DNA helix. A model for RepA loading on the origin, which involves an initial interaction between nascent RepA and the RNA polymerase transcribing the repA mRNA was discussed (117) . In a two-plasmid situation (repA + ori − plasmid and repA − ori + plasmid in the same cell), CIS-when present on a repA + ori − plasmid-inhibited replication of the ori + plasmid by interacting with the C-terminal 20 to 37 aa or RepA. In contrast, it had no effect when present on the ori + plasmid. Initiation of replication from the ori in trans was independent of transcription into CIS (118).
TRANSLATIONAL INHIBITION Inhibition of Translation of the rep mRNA
Plasmids of the pMV158 family (pMV158 from Streptococcus pneumoniae, pE194 from S. aureus, pADB201 from Mycoplasma mycoides, and pLB4 from Lactobacillus plantarum) apparently use the same copy number control mechanism (119, 120, 121) . The replication of these rolling-circle-type plasmids is controlled by two components, an antisense RNA and a transcriptional repressor. Both elements control the synthesis of the essential replication initiator protein. The antisense RNA inhibits translation of the rep mRNA.
The best-characterized plasmid of this family is the promiscuous streptococcal plasmid pMV158 and its derivative pLS1. Here, a 50-nt-long antisense RNA, RNAII, is complementary to the intergenic region between the copG and the repB ORF encoding the regulator CopG and the essential 24.5-kDa replication initiation protein RepB, respectively (Fig. 1D) . The cop-rep target region could be reduced to 21 nt and is complementary to the 5′-unstructured region of RNAII. RNAII is the main incompatibility determinant of the plasmid (119) . Recently, the secondary structures of RNAII (one stem-loop) and two shortened (60 and 80 nt) repB mRNA (two stem-loops) species have been determined, and binding rate constants have been calculated (122) . These were with 1.6 × 10 5 to 3.8 × 10 5 M −1 s −1 , in the same order of magnitude as those of other sense/antisense RNA pairs. Interestingly, the initiation of repB translation involves an extended non-Shine-Dalgarno (SD) sequence, i.e., not a typical SD sequence (123) . Although the complementarity between RNAII and its target neither includes the repB start codon nor the extended non-SD, previous experiments had shown that RNAII inhibits repB translation (124) . Possibly, RNAII binding upstream of the repA AUG codon interferes with binding of the 30S ribosomal subunit. Alternatively, a conformational change might be induced that prevents translation initiation, as has been found in trans-encoded sRNAs (reviewed in references 3 and 4). However, this can only be elucidated by structure probing of the RNAII/cop-rep-mRNA complex.
The second control component of pLS1 is the transcriptional repressor CopG (formerly RepA). By binding to its own promoter, the homodimeric protein CopG (45 aa, 5.1 kDa) represses its own synthesis and that of RepB (125) . CopG is not essential, since its deletion affects neither plasmid replication nor maintenance. An increase in CopG dosage does not result in incompatibility toward pLS1 or in any significant reduction of its copy number. Hence, CopG is not able to efficiently correct major fluctuations in plasmid copy number, probably because of its autoregulatory role (119) . Instead, the entire regulatory unit including RNAII and CopG proved to be the strongest incompatibility determinant. RNAII-defective plasmids were still regulated by CopG indicating that their copy number was not limited by a host function. Plasmids with copG mutations or deletions also replicated in a regulated way, and attempts to construct an rnaII/copG double mutant were unsuccessful (120) . Some CopG features resemble those of CopB from plasmid R1 (see below). However, CopB, in contrast to CopG does not regulate its own synthesis, and the CopB-repressed promoter is totally silent, being activated only when the copy number drops dramatically. In contrast, the copG-repB promoter P cr from pLS1 is never totally blocked and seems to be the only promoter involved in repB expression. CopG binds at two successive major grooves on one face of the DNA to a 13-bp element with a 2-fold rotational symmetry.
Within this imperfect repeat element lies the −35 box of P cr (125) . The crystal structure of CopG has been solved both alone and in complex with a 19-bp oligodeoxyribonucleotide containing its DNA target (126) . The CopG dimer has a ribbon-helix-helix structure resembling that of the P22 Arc repressor. One CopG tetramer binds at one face of a 19-bp oligonucleotide containing the pseudosymmetric element, with two β-ribbons inserted into the major groove. Thereby, the DNA is bent by 60°t hrough compression of both major and minor grooves. In contrast to other repressors, CopG uses its HTH region for oligomerization instead of DNA recognition. Lately, the repression mechanism of CopG has been elucidated: CopG prevents access of the RNA polymerase to the repB promoter and actively dissociates open complexes (127) .
For one more plasmid of the pMV158 family, pE194, it was also shown that replication control involves the concerted action of a Cop protein that acts as repressor at its own, but not the repF promoter, and a ≈65-nt-long countertranscript RNA with a predicted single stemloop (128) . The cop operator comprises a 28-bp inverted repeat. Increasing the proposed 6-nt RNA loop of the antisense RNA to 14 nt or decreasing it to 4 nt resulted in elevated copy numbers (128) . The 6.1-kDa Cop protein of pE194 has been purified (129) .
A mechanism that involves RNA-RNA interactions in a manner that interferes with translation was also suggested for pC194 and pUB110, two other staphylococcal RCR-type plasmids (130) .
Recently, ≈72-nt antisense RNAs with two predicted stem-loop structures were found to be the major replication control elements in plasmids pCGR2 and pCG1 from Corynebacterium glutamicum. Inactivation of the antisense promoters resulted in significantly higher amounts of repA mRNA and 7-fold elevated copy numbers (131) . Based on the complementarity of their immediate 5′ regions to the rep RBS and the lack of rho-independent terminator structures in the rep leader regions, a translation inhibition mechanism is conceivable. Surprisingly, the deletion of a second locus upstream of repA, parB, yielded a drastic 87-fold increased copy number in a pCGR2 derivative (132) .
Inhibition of Leader Peptide Translation: R1 and Related Plasmids
The best-studied example for this type of replication control is the IncFII plasmid R1 that replicates in E. coli and closely related bacteria. However, plasmids of the IncFc, the FIII, and some other incompatibility groups exhibit the same genetic organization and use the same control mechanism. The basic replicon contains the ORFs copB, tap, and repA encoding the small transcriptional repressor CopB, a 24-aa leader peptide TAP, and the essential initiator protein RepA, respectively. The latter is rate limiting for replication. The replication origin oriR is located downstream of the repA gene ( Fig. 1E) and was characterized previously (133) : The minimal oriR is 188 bp long and separated from repA by a ≈170-bp-long sequence denoted CIS, which is required for efficient replication of a repA-oriR plasmid in vivo. CIS contains a rho-dependent transcriptional terminator, which terminates repA mRNA at position 1299 and is required for cis action of RepA in vitro. A DnaA box (TTATCCACA) is found at position 1427 to 1435, consistent with a DnaA requirement for replication. An AT-rich (87% AT) sequence, essential for oriR function, is located between nt 1513 and 1586. Three TCNTTTAAA repeats, separated by 23-bp intervals, and a putative integration host factor site are present in this region (however, integration host factor is dispensable). Replication depends on DNA gyrase and other host functions, such as DnaB, DnaC, DnaG, SSB, and DNA polymerase III, but does not require RNA polymerase. About 40 to 50 molecules of cis-active RepA and one or two DnaA monomers per template are necessary for initiation from oriR. It has been speculated that formation of a nucleoprotein structure, involving part of the oriR sequence, RepA and DnaA, is essential for the initiation of R1 replication. A consensus recognition sequence of RepA ("repA box") has been identified (reviewed in reference 133). Although RepA alone can promote opening of the helix and assembly of the replisome complex at oriR, the DnaA box and DnaA help optimize the initiation frequency (134). A model for the initiation of plasmid R1 replication was proposed in 1992 (135) . oriR contains two sites with different affinities for RepA separated by 8 helical turns. The oriR sequence becomes bent upon RepA binding. Proteinprotein interactions between RepA bound to both distal sites could be responsible for oriR looping. Two so-called Ter sites, which bind the E. coli Tus protein, have been located near oriR (136) . Inactivation of the tus gene caused a great decrease in stability of maintenance of an R1 miniderivative. The downstream Ter site appears to stabilize the plasmid by preventing multimerization and affects a shift from theta to rolling-circle replication (136) .
Within the gene segment encoding the leader region of the repA mRNA, a ≈90-nt-long antisense RNA, CopA, is transcribed from the complementary strand (Fig. 1E) . Regulation occurs on two levels. The main control element is CopA, an RNA that contains two stem-loops and is unstable (1-to 2-min half-life [137] ). Its target, CopT, is part of the repA-mRNA leader region (138) . Binding of CopA to CopT sterically blocks initiation of translation of the Tap leader peptide (139) and also results in RNase III-dependent cleavage of both RNAs. Cleavage, however, has only minor effects on control (140) . Tap translation is required for repA translation (translational coupling) since a stable RNA secondary structure blocks the repA RBS (141, 142, 143) . Consequently, the CopA antisense RNA inhibits repA translation via inhibition of translation of the Tap leader peptide. The alternative hypothesis that an activator RNA pseudoknot, similar to that in IncIα/IncB plasmids (see above), may be needed for efficient repA translation was discarded (142) . Copy number mutants map to the loop of the major stem-loop L1 (144, 145) , and many of these mutations result in new incompatibility groups. Therefore, this stem-loop plays a central role in the ratelimiting step in binding and the efficiency of control (145, 146, 147, 148) , as well as the specificity of target recognition. A thorough analysis of CopA showed that a loop size of 5 to 7 nt was optimal for efficient interaction with CopT, and bulges present in the upper stem of CopA were required for rapid binding of CopT in vitro and inhibition in vivo (149, 150) . The binding pathway between CopA and CopT has been elucidated in detail. Binding starts with the interaction of two single loops of CopA and CopT. The low stability of the upper stem regions facilitates progression of this loop-loop interaction. Next, a partial duplex is formed that contains a four-helix junction (151, 152) . This intermediate is converted into a stable inhibitory complex, which carries a fifth intermolecular helix (153) . This structure is only slowly converted into a complete duplex (for a figure see reference 154) . A full duplex is clearly not required for control (153; reviewed in reference 27). The interaction between two highly structured antisense and sense RNAs, initiating by defined loop-loop contacts as shown for plasmid R1, is a recurrent one and valid for most cases of plasmid replication control.
The degradation pathway of CopA has been studied in detail. As in ColE1, RNase E performs the initial cleavage-here, between stem-loops I and II-and the longer stem-loop is degraded directly by exoribonucleases RNase II or PNPase, or subject to polyadenylation by PcnB (also known as PAPI, a poly(A)polymerase of E. coli), which facilitates subsequent degradation by exoribonucleases (137, 155) . In contrast to the ColE1 case (see above), the pcnB mutation has a smaller effect on CopA stability and leads only to a 2-to 3-fold copy number increase of plasmid R1.
The second copy number control element of plasmid R1 is the transcriptional repressor CopB. The deletion of copB results in an 8-fold copy number increase (156) . The copB gene is cotranscribed with tap and repA from promoter pI. CopB is a small (11 kDa), basic protein (157) that binds as a tetramer to a DNA region of dyad symmetry overlapping the repA promoter. The binding site was narrowed down to 20 to 25 bp including an inverted repeat sequence, which overlaps the −35 box of the repA promoter. At steady state, the CopB-repressed repA promoter pII is almost entirely silent; binding occurs at an equilibrium dissociation constant of 0.1 nM. Approximately 1,000 molecules of CopB are present per cell. Under these conditions, repA is expressed almost exclusively from the copB promoter pI. Like CopR of pIP501, but in contrast to CopG, CopB does not autoregulate its own synthesis. The cloned copB gene does not exert incompatibility against wild-type R1, indicating that it is only an auxiliary control component. Although CopB prevents convergent transcription from repA and copA promoters (158) , this has less serious consequences than in the case of pIP501, where the unusually long-lived antisense RNA needs a second control element upon downward fluctuations of copy number (see above). The main biological role of CopB appears to be a rescue device at dangerously low copy numbers and/or after conjugal transfer of R1 (159) . During normal steady-state conditions, the unstable antisense RNA CopA is sufficient to correct copy number deviations.
Translational Attenuation: pSK41 and pSK1 Families
The first known example is S. aureus plasmid pSK41 (160, 161) , the prototype of the pSK41 family of conjugative multiresistance staphylococcal plasmids. It is suggested that the pSK1-like multiresistant nonconjugative staphylococcal plasmids that encode similar Rep proteins and regulatory elements and use theta-type replication in a variety of staphylococcal species employ the same control mechanism (160, 162) .
The proposed mechanism resembles that of a translational riboswitch: the repA mRNA can adopt two conformations, depending on the presence or absence of the antisense RNA (RNAI). In the presence of RNAI (83 nt), which is transcribed in the 240-nt repA leader region and is not complementary to the SD sequence, the interaction between three RNAI loops and three regions in repA mRNA results in a conformation that sequesters the SD in a thermodynamically stable stem-loop structure preventing translation (Fig. 1F ). In the absence of RNAI, refolding occurs, making the SD sequence accessible to ribosomes (161) . So far, no experimentally probed structures of antisense and sense RNA or their complex are available. A hypothetical transcription attenuation mechanism was excluded by mutation of a putative rho-independent terminator (inverted repeat IR-IV) overlapping the repA RBS: replacing the 3′-U stretch by UCACU or alteration of paired stem structures did not result in elevated repA expression. A slight additional (2-to 3-fold) effect of RNAI on repA transcription observed in reporter gene fusions could so far not be explained, as transcriptional interference could be excluded by providing RNAI in trans. One possible explanation is an influence of RNAI on repA mRNA degradation (161) , but this could be a consequence of translational inhibition, as found in many trans-encoded sRNA systems (3, 4) . Plasmid pSK1 also encodes an 80-nt antisense RNA within the 199-nt leader region upstream of the rep RBS. When absent, the copy number increased ≈8-fold (162), whereas for pSK41, a ≈35-fold increase was observed. The predicted RNA structures also suggest a translation attenuation mechanism for pSK1. Despite differences in sequence and predicted RNA structures, the conjugative and the nonconjugative multiresistance staphylococcal plasmids seem to utilize the same replication control mechanism.
The repC and repABC Plasmids: Transcriptional or Translational Attenuation?
Large plasmids in α-proteobacteria encode genes required for plant or animal pathogenesis or symbiosis. Most of these replicons encode ABC genes that are always in the same order. RepA and RepB are required for active segregation, whereas RepC is the replication initiator protein (reviewed in reference 163), also in the smaller repC plasmids. In several of these plasmids, e.g., Rhizobium etli p42d, Sinorhizobium megaplasmids SymA/SymB and Agrobacterium tumefaciens Ti plasmid and in the repC plasmids (164), short antisense RNAs are encoded upstream of repC. The 59-nt antisense RNA (ctRNA) of plasmid p42d was reported in 2004 (165) and has recently has been analyzed in detail (166) . Secondary structures of antisense and target RNAs as well as their complex were determined and binding constants calculated. The ctRNA forms one stem-loop, and its single-stranded 5′ tail was found to be sufficient for inhibition. In the absence of the ctRNA that is encoded 110 bp upstream of the rep ORF, the rep RBS is single stranded and, thus, accessible to ribosomes. In the ctRNA/rep RNA complex, refolding results in a stemloop structure (S element) that sequesters the RBS in a double-stranded region. The authors suggest a transcription attenuation mechanism. However, the S element lacks a 3′-U stretch typical for rho-independent transcription terminators, and no prematurely terminated repA mRNA has been detected in vivo. Therefore, a translation attenuation mechanism cannot be excluded (166) .
In 2005, antisense RNA genes incA and repE were found in pSymA/pSymB (167) and Ti plasmid (168), respectively. For Ti, predicted secondary structures of the 206-bp repB-repC intergenic region in the presence and absence of antisense RNA RepE (54 nt) and a comparison of the amount of repC leader and repC ORF-RNA indicated a transcription attenuation mechanism (168) . The authors hypothesized that only nonterminated transcripts are subject to additional translation control (169) . However, as in p42d, folding of the repC RNA could also support a general translation attenuation mechanism.
Interestingly, in 2012 it was reported for Salmonella that a translational riboswitch controls Rho-dependent transcription termination (170) . Because neither in Ti nor in p42d, a typical Rho-independent terminator was found, but different amounts repC mRNA leader were detected in the presence and absence of the antisense RNA, a similar overlap of translational attenuation and Rho-dependent transcription termination could be also conceivable for the repABC plasmid family.
THE ColE2 CASE
The initiator protein Rep (35 kDa) of the colicin E2 (ColE2) plasmid (10 to 15 copies/host chromosome) is the only plasmid-specified trans-acting factor required for initiation of plasmid replication (171) . It was shown that Rep is a ColE2-specific plasmid-encoded primase with unique properties (171, 172) . Host DNA polymerase I specifically uses the primer RNA 5′-ppApGpA generated by Rep to start DNA synthesis (171) . Replication is unidirectional. Leading-strand synthesis initiates at a unique site in the origin, and lagging-strand synthesis terminates at another unique site in the origin (173) . Expression of Rep is negatively controlled posttranscriptionally by a 115-nt-long antisense RNA, RNAI, which is complementary to the 5′-nontranslated region of the rep mRNA. The hybridized 5′ terminus of RNAI is located 16 nt upstream of the rep start codon and, therefore, does not cover the AUG and only part of the putative SD sequence (174) . RNAI consists of two stem-loops. The 3′-terminal long stem-loop makes the initial contact with the corresponding loop in the rep mRNA, since many copy number mutants (173) have been mapped there. The binding rates constant between RNAI and rep mRNA is 3.1 × 10 6 M −1 s −1 , i.e., only slightly higher than in other antisense RNA regulatory systems (174) . For efficient Rep expression, two regions of the rep mRNA are necessary: (i) a sequence 17 nt to 70 nt upstream of the rep start codon, and (ii) a sequence within the coding region (175) . Furthermore, the rep gene lacks an efficient SD sequence and depends on a stem-loop and a purin-rich sequence in the leader region for efficient translation (176) , which is reminiscent of pMV158. This is the same region to which the 5′ part of RNAI binds. Binding of RNAI to the rep mRNA might block certain sequence elements involved in interaction with the ribosome or other host factor(s) and/or it might block formation of a certain secondary or tertiary structure in the region of the rep mRNA required for efficient initiation of translation (174) . Some years ago, authors suggested that pseudoknot formation might be involved in the translation of the Rep protein and/or in inhibition of Rep translation by RNAI (T. Itoh, personal communication).
By chimera analysis, specificity determinants in the interaction of the Rep proteins with the origin were found in the plasmids ColE2-P9 and the related ColE3-CA38 (177): Two regions, the C terminus of Rep (A and B) and two sites in the origins (a and b), were important for the determination of specificity. When each A/a and B/b pairs were from the same plasmids, replication was efficient. If only A/a was from the same plasmid, replication was inefficient. A seems to be a linker connecting the two domains of the Rep protein involved in DNA binding, and region B is part of the DNA-binding domain.
The main players for degradation of ColE2 RNAI are endoribonuclease E cleaving multiple positions within the 5′ part of RNAI and the 3′-5′-exoribonuclease PNPase (178, 179) .
COMPARISON BETWEEN REGULATORY sRNAs INVOLVED IN PLASMID REPLICATION CONTROL AND THOSE ACTING ON CHROMOSOMALLY ENCODED TARGETS
In general, studies on sense/antisense RNA systems in plasmids have added a lot to our understanding of regulatory systems as such, and, in particular, of control mechanisms in bacteria. Combinations of in vivo and in vitro assays that have proven useful for the characterization of plasmid-encoded riboregulators have also been used successfully for the investigation of chromosomeencoded regulatory sRNAs. Many control mechanisms discovered for plasmid-encoded antisense RNAs have been later found for sRNAs from the chromosome. Among them, translation inhibition is the most frequently used mechanism employed in both cases (reviewed in references 3 and 4).
However, a comparison of plasmid-encoded antisense RNAs and chromosome-encoded sRNAs reveals five major differences: First, plasmid-encoded sRNAs are constitutively expressed, whereas chromosome-encoded riboregulators are frequently only expressed under certain environmental conditions. Second, antisense RNAs that control plasmid replication act solely as inhibitors of their targets, whereas chromosome-encoded sRNAs can either inhibit or activate gene expression. Third, although all antisense RNAs controlling plasmid replication are encoded in cis, they act in trans, in line with their function as incompatibility components. By contrast, sRNAs on bacterial chromosomes are encoded in cis or in trans, and one cis-encoded sRNA has been found to date that even acts only in cis, namely by transcriptional interference (180) . Fourth, no antisense RNA-regulating plasmid replication impacts exclusively target RNA stability, whereas chromosome-encoded sRNAs primarily affect translation or degradation/processing of their target RNA(s), and, in most cases, both processes. Fifth, the abundant RNA chaperone Hfq plays an important role for either stability or function of many chromosomally trans-encoded sRNAs, but is not required for the action of the cis-encoded sRNAs regulating plasmid replication, because they have a long stretch of complementarity with their target RNAs.
Because of their small size, it is rather unlikely that, after >30 years of intensive research, completely novel regulatory principles will be found in sense/antisense systems located on plasmids. In contrast, in the large bacterial chromosomes that encode on average 200 to 300 sRNAs, new mechanisms of action and new classes of regulators can still be expected. It is conceivable that some RNAs might act in cis on one target and in trans on one or more other targets, thereby using different regulatory mechanisms on different targets. First indications have been reported recently in S. aureus (181) and in the archeon Methanosarcina mazei (182). Additionally, "dual function" sRNAs, i.e., sRNAs that act on some targets as base-pairing antisense RNAs and, on others, as peptide-encoding mRNAs, were identified (e.g., B. subtilis SR1 [183] , reviewed in reference 184) , and this so far small group will definitely expand in the next future. New unprecedented functions for peptides encoded by these sRNAs can be envisaged that will add a new layer to the interplay between peptides and RNA.
With regard to their biological functions, plasmidencoded antisense RNAs control only three distinct processes: replication, conjugation, and segregational stability; and the genes for antisense RNAs and their targets are located on complementary strands of the same molecule. In one case, E. coli plasmid R1, three different antisense RNAs regulate the processes mentioned above: CopA (replication), FinP (conjugation), and Sok (maintenance) (154). On the contrary, chromosomeencoded sRNAs have usually several targets (reviewed in reference 3) and are involved in complex regulatory networks (185) that affect all aspects of life: metabolism, stress response, cell-wall composition, pathogenesis, etc. After ≈13 years of extensive research on chromosomeencoded antisense/target systems, it is evident that sRNAs are abundant and versatile regulators, and that we currently only see the tip of the iceberg. For instance, it can be expected that novel classes of very short or very long sRNAs, similar to si/miRNAs or lncRNAs in eukaryotes, with up-to-now unimaginable functions might come to our knowledge. First examples of long cis-encoded bacterial sRNAs were reported in the regulation of the Clostridium acetobutylicum ubiG operon (180), the control of YabE autolysin synthesis in B. subtilis (186) , or of virulence in Salmonella enterica serovar Typhimurium (187) , and many others with hitherto unknown functions were found in recent sequencing projects.
In summary, plasmids have been and still are outstanding systems to study all aspects of bacterial gene regulation, and numerous lessons have been learned from them for the investigation of chromosomal gene regulation.
